Estimating water requirements of plants cultivated in greenhouse environments is crucial, both for the design of greenhouse irrigation systems and the improvement of irrigation scheduling. Spinach is one of the main vegetables sold as 'ready-to-eat' bagged produce; it is very sensitive to water stress and thus requires accurate irrigation. In this work, a water balance model simulating the daily irrigation need for greenhouse crops based on the FAO-56 'single crop coefficient' method was designed and applied . Two experiments were conducted on two spinach varieties grown in pots in different periods. For each experiment, four nitrogen treatments were considered. Irrigation was managed weighing the pots every day, and restoring soil water to field capacity. Crop coefficient (K c ) values were calibrated using data of the first experiment, the model was successively validated using the second dataset. Analysis of variance (ANOVA) test revealed a scarce dependence of irrigation needs to nitrogen treatments. This study suggests the possibility of adopting the FAO-56-GH model with site-specific K c to improve irrigation management and planning in greenhouse environments.
INTRODUCTION
The spread of greenhouse crops has significantly increased in recent decades in many countries around the world, concerning different latitudes and climatic zones (Pardossi et Inside the greenhouse, ETc is the cornerstone of the hydrological balance, due to the fact that it is usually the only outgoing water flux from the crop root zone, since runoff and percolation can be very often considered null or negligible (FAO ). Therefore, the amount of water that a hypothetical irrigation system must be able to replenish coincides almost exactly with the amount of water evapotranspirated in the period of time elapsed since the last irrigation, since the efficiency of greenhouse irrigation systems could be often considered close to one (Pardossi et al. ; FAO ) . A precise estimate of ETc is therefore the starting point for a rational irrigation scheduling and a proper irrigation system sizing. The most commonly adopted method for the estimation of ETc is the 'single crop coefficient' approach proposed by Allen et al. () , where ETc is obtained by multiplying the reference evapotranspiration (ETo) and the crop coefficient (K c ), and a water balance equation is used to describe the variation of soil water content in the root zone with the aim of computing irrigation water requirements. In particular, an irrigation is due when the soil water content in the root zone drops below a critical threshold depending on the type of soil and crop, and the irrigation replenishes soil water content to field capacity. . However, many of these approaches were calibrated and validated over short periods (sometimes less than a week), and may require many parameters for describing the evapotranspiration processes (e.g., stomatal response to inlet solar radiation); moreover, they are typically applied for polytunnel greenhouses with crops cultivated directly in the ground (Fernández et al. ) .
In this work, a simplified version of the FAO-56 method designed for greenhouse crops (FAO-56-GH) is presented.
The model was implemented using data coming from two different experiments carried out in 2015 on two spinach varieties (Verdi F1 and SV2157VB) grown in pots in a glassgreenhouse located in Milan (northern Italy), respectively January 28th to March 20th and from April 18th to May 24th. ETo was calculated by applying the FAO PenmanMonteith equation to the climatic data registered in the greenhouse during the two periods. Irrigation was applied daily to the pots to replenish evapotranspiration losses.
Crop coefficient values used in the model were calibrated using the irrigation data collected during the first experiment.
Data from the second experiment, carried out considering another spinach variety grown in a different period, were used for the model validation. Three statistical indices (R 2 , root mean square error (RMSE) and Nash-Sutcliffe efficiency (NSE)) were computed to evaluate the model performance, while the analysis of variance (ANOVA) test was carried out to exclude that the nitrogen management could influence significantly crop development and irrigation requirements.
MATERIALS AND METHODS

Greenhouse environment
The experimental activity was carried out in a greenhouse of losses without originating percolation, the minimum volume of water registered the previous day over all the pots was provided. In the successive day, the conduction of the weighing operations could ensure that volumes of water added to the pots were enough to replenish soil to the field capacity value. The irrigation procedure adopted during the two experiments allowed the spinach crop to avoid water stress conditions. In fact, soil water content of each pot never dropped below the critical soil water content threshold, corresponding to the depletion of the readily available water (RAW). RAW for spinach, according to Allen et al. (), was assumed equal to 20% of the total available water (TAW; i.e. soil water content between field capacity and wilting point).
The FAO-56-GH model
The FAO-56-GH model is a water balance model based on the FAO 'single crop coefficient' method described in () is shown in Equation (1):
where θ t and θ tÀ1 are the soil water content values at the time t and tÀ1, respectively; P t is the precipitation; I t is the irrigation amount; RO t is the net surface runoff; G t is the net subsurface water flow; DP t is the deep percolation;
CI t is the rainfall (or irrigation) canopy interception; CR t is the capillary rise; and ETc is the crop evapotranspiration in well-watered conditions. All the quantities in the equation can be expressed as volumetric or height units. In particular, I t is the amount of water that shall be provided by irrigation to avoid ET t to drop below ETc t (i.e. to ensure the absence of crop water stress).
Since the unit volume for the application of the soil water balance equation in the case of greenhouse crops in pots is the pot volume, Equation (1) 
When ETo is calculated at a daily time step, G can be neg-
Determining R n in a greenhouse environment is more
complex than in open agricultural fields, because it depends on the albedo (α) properties of the canopy-soil-pot-bench system (Antonioletti et al. ) . In this study, R n was calculated starting from the measured global radiation (R g ), in
accordance with Equation (3) proposed by Valdés-Gómez
where R g is in MJ m À 2 day À 1 , σ is the Stefan-Boltzmann constant equal to 4.903 MJ K À 4 m À 2 day À 1 , T is the mean daily air temperature in Kelvin, α is the albedo (ratio between shorth wave inlet and outlet radiation components; dimensionless), ε a is the air emissivity and ε c is the ground surface emissivity (both emissivities are dimensionless). Equation (4) was adopted in this study to calculate air emissivity, ε a , as previously proposed by Brutsaert ():
where e a is the air vapour pressure (kPa) and T is the air 
Statistical analysis of results
The statistical evaluation of the FAO-56-GH model performance was carried out considering the linear regression coefficient (R 2 ) between measured (ETc_obs) and modelled (ETc_mod) evapotranspiration values, as well as by calculating the RMSE (Equation (5)), and the NSE (Equation (6)) indices:
When the estimation is perfect (i.e. ETc_mod ¼ ETc_obs) RMSE is equal to zero; the higher the RMSE, the higher the deviation between the simulated and the measured values. With respect to NSE, simulation is perfect if NRMSE is zero; predictions are worse than using the mean of observed values if NRMSE is greater than one.
Finally, the one-way ANOVA test was applied to check: and between 2 and 3.5 mm day À 1 in EX2.
Fraction covers and K c curves
The fraction cover pattern for the two spinach varieties, calculated averaging the values of RGB images of six pots for EX1 and 12 pots for EX2, is shown in Figure 4 (a) and 4(b). For EX1, the initial phase lasted approximately 8 days from the emergence, the development phase approximately 17 days (up to March 1st), the mid-season phase 17 days (up to March 17th), and the late-season phase only 3 days before the harvest on March 20th; the total cycle for the spinach crop in this case was thus of 45 days. In EX2, the total phenological cycle was shorter than that observed for EX1, lasting only 31 days. This difference was likely due to the higher greenhouse temperature and radiation supporting the growth of plants. In EX2, the initial, development, mid-season and late-season stages lasted respectively 7, 12, 8 and 4 days, and the crop harvest was on May 23rd.
For both EX1 and EX2, the result of the ANOVA test confirmed that a not significant difference (p-value >0.05)
was found between the fraction covers reached in the midseason stage in the case of the four nitrogen treatments.
Thus, for each experimental campaign, a single fraction cover curve was calculated averaging all the RGB images acquired at each single date; the two curves were then used to derive the growth stage lengths reported above.
A further ANOVA test was conducted considering the two average fraction covers (one for EX1 and one for EX2) thereby obtained. The result showed that no significant differences can be evidentiated between the two values (pvalue >0.05), so that the sowing density proved to be a factor not affecting cover fraction (and thus K c values) in the mid-season stage, at least in this study. The lower model performance with respect to EX1 could be partially explained by the fact that a different weighing procedure was adopted in EX2 compared to EX1. In EX2, for practical reasons, the weighing was performed every 2 days. On the weighing day, soil water content of each pot was reported to field capacity, while in the day between 2 weighing days, the irrigation amount provided was equal to the minimum volume registered the day before. The value obtained averaging the irrigation amounts for the 2 days was than attributed to each of the two. This explains the pairs of equal evapotranspiration values for 2 consecutive days in Figure 6 (a), and surely introduced an uncertainty in the daily values of ETc_obs for EX2.
Additionally, the modelled evapotranspiration is notably different from the observed evapotranspiration on May 12th and May 13th (circled in Figure 7(a) ). On these days, the observed evapotranspiration is approximately 7 mm, which is much higher than that expected by applying the model. This difference is very probably due to an error made in recording data of water amount provided to the pots (values are very high with respect to other measured ETc, also considering the climatic conditions in the greenhouse which were not dissimilar to those of the period).
For that reasons, this pair of ETc_obs value was discarded in the calculation of performance indices for EX2. At the harvesting time, the cumulative irrigation was 115 mm with respect to 108 mm simulated by the model. Irrigation frequencies and heights were similar to those simulated by the model in EX1.
As for EX1, the ANOVA test showed a not significant difference between irrigation provided to pots with different nitrogen contents (p > 0.05), further confirming the possibility to develop and apply a single model to support the irrigation scheduling independently from the crop nitrogen management, at least in the case study.
CONCLUDING REMARKS
In this work, we demonstrated the reliability of a simple model based on the FAO-56 method (FAO-56-GH) in the prediction of daily evapotranspiration fluxes, daily were found to be essentially independent from the nitrogen management adopted.
The model designed and applied in this study may be useful for a rational irrigation scheduling in greenhouse environments, representing a valuable tool for decreasing water waste and increasing water use efficiency. This can become particularly important in productive conditions where a specific crop is cultivated in the same environment in a nearly continuous process, and thus the effort placed for the site-specific determination of K c could be more exploited. Moreover, the prediction of crop water requirements could be crucial in supporting greenhouse irrigation systems designing to supply water to specific crops.
